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1. Introduction

Experiments with deuterium-tritium (DT) plasmas started in TFTR during 1993
Al ,23. Recent results with neutral beam injection (NBI) heated DT discharges have
produced 9 MW of fusion power with a peak power density of 1.8 MW/m3. The
stored energy and the energy confinement time in these plasmas is observed to
increase up to 30 % above the values in comparable D-only NBI discharges. The
central ion and electron temperatures aiso increase.

The thermonuclear fraction of the neutron emission rate reaches 35% of the
total. At the times of peak stored energy and neutron emission, the beam energy is
25-45 % of the total. The beam ion deposition, slowing down, and plasma heating
change as the isotopic mix of the beam ions varies, so it is important to include
beam ion effects in assessing isotopic scaling and alpha heating.

This paper analyzes the phenomenologg of these increases in energy,

confinement, and temperatures using the TRANSP time-dependent plasma analysis

code [3]. The modeliné; }?rovides detailed information about the beam ions, as well as

ﬁroﬁles of the D an densities, the hydrogenic isotopic mass, and the alpha
eating. These are correlated with the observed increases.

To study the isotopic effect and alpha heating, sets of similar discharges with
varying amounts of D and T are compared. The T content is altered by varying the
mix of D and T NBI at approximatel)é constant total NBl power, Pg. The total plasma
current Ip, toroidal field B, central Zeft, and wall conditions are very similar in each
set. The electron density profiles are approximately similar. The sets contain pairs of
gllgclzharges with D-only and DT-NBI. Several sets also contain discharges with T-only

2. TRANSP modeling and comparisons with measurements

The TRANSP code uses measured plasma parameters and minimal
additional assumptions to mode! discharges. The time evolutions of particle and
energy profiles are computed in one dimension. For the results described here, the
modeling includes the thermal H, D, and T, the fast D and T ions from the NBI, the
fusion alpha particles, and carbon impurity. Measured profiles of the electron density
(from infrared interferometry), electron temperature (from electron cyclotron
emission) and of the carbon temperature and toroidal rotation velocigl (from charge-
exchange recombination spectroscopy) are used. The Zgg is deduced from the
visible bremsstrahlung emission. The neutral beam parameters are calculated using
Monte Carlo techniques.

Hydrogenic recycling has important effects, such as introducing D into T-only
NBI discharges, and relatively small, but significant amounts of T into D-only NBI
discharges. The hydrogenic recycling rates are calculated from the measured
Hq+Do+To emission, converted to ionization rates using the DEGAS neutrals code
[4]. Spectroscopy indicates that about 18-35 % of this emission is from H, and at
most = 7 % is from T [5]. For the TRANSP modeling of D-only NBI discharges, the T
fraction is assumed to be constant during each discharge, and is adjusted from
discharge to discharge to match the measured peak DT neutron ¢ “ission rate. The
resulting valugs are within 30 % of the values measured using a Fabry-Perot



interferometer [5]. The modeling of DT- and T-only NBI discharges is insensitive to
the choice of this parameter.

There are uncentainties about the particle transport of the hydrogenic species.
Several classes of models are available in TRANSP. Only one is successful in
modeling all the discharges. The thermal hydrogenic densig is determined from the
symmetrized electron density, and the computed Zgg, and beam ion density. The
relative H, D, and T fluxes can be specified by assuming either 1) their profile
shgp\?s_ are the same, 2) their radial velocities are the same, or 3) by constraining D;
and vjin

Tj(x,t) = -Dj* grad (n) + Vj* nj, withj=H,D, T

The choice 1) is unsuccessful in modeling the neutron emission, especially for the T-
only NBI discharges. Choice 2) is numerically unstable in the case of three thermal
hydrogenic species, and has not been studied in detail. A non-unique set of
constraints for choice 3) gives good agreement with measurements, and is used for
the results presented here.

Examples of comparisons that test the accuracy of the modeling are the
neutron emission rates and profiles, which test the accuracy of the calculated beam
and thermal ion density distributions, and the stored energy and the Shafranov
shifts, which test the calculated beam ion energy. The results generally agree with
measurements to 1.5 . Examples of neutron emission comparisons for one of the
discharges in a triplet are shown in Fig. 1. Each discharge in this triplet has R = 2.52
m a=087m, Ip=21MA Br=51T, Pg =21 MW, and lithium pellet wall
conditioning. The a?reement shown is typical of the results achieved, even for the D-
only and T-only NBI discharges.

3. Isotopic Mass Effects

The computed thermal hydrogenic profiles are dissimilar for the hydrogenic
particle model used due to their different sources. An example is shown in Fig. 2 for
the discharge in Fig. 1 at the time of peak neutron emission. The discharges in this
triplet have an unusually large amount of H recycling, with measured Hqy /
(HatDo+T o) = 35%. The relative T density can be summarized by the average
isotopic mass of the thermal hydrogenic species,

A= (nH+2np+3nT) / (H+nNp+nT)
Profiles of A at several times for the triplet are shown in Fig. 3.

Since there is uncertainty about the degree to which the beam ions contribute
to the isotopic effect, we consider also Ayt defined analogously to A, but with the D
and T beam ion densities included with the thermal densities. The volume average of
A increases approximately linearly with the fraction of T-NBI power, P71/ Pg. At 0.5
sec of NBI, which is near the time of peak neutron emission, it increases as

<A> =~ 1.940.7+(P1/Pg)
At this time <Atot> is approximately 15% higher than <A>.

The magnaetically determined total energy confinement time, T increases with
<A> and <Aiot>. The ratios of Tg with DT-NBI to T in comparable D-only NBI
discharges are plotted versus <Aiot> In Fig. 4. The least squares fit gives a power of
0.72 for this enhancement. The power for the fit to <A> is 0.75.

The plasma plus beam energy and the total energy confinement time increase
~ 15-20 % in changing the NBI mix from D-only to ~ 50:50 D.T, and again another ~
~ 8-10 % in changing further to 100 % T-NBI. Effects contributing to these changes
are 1) increased stored ener%y in the NBI ions, 2) altered heating of T beam ions, 3)
stored energy of the fast alpha particles, 4) alpha heating, and 5) an isotopic mass
effect. Simulations made before the DT campaign [6] incorporating 1-4 indicated the
change would be about half of what is observed.



The fraction of the total energy stored in the beams is large during the first 0.3
sec of NBI, and decreases in time as the electron density increases and more of th~»
beam ions thermalize. At 0.5 sec of NBI, the beam fraction decreases to 40-50 %.
This fraction is plotted versus <Aiot> in Fig. 5 for the sets of discharges used in Fig.
4. It does not vary significantly with <Aot>, so changes in the beam ion energy do
not have a significant direct effect on the increase in total energy with <Aiet>. The
energy fraction in thermal ions shows a slight increase with <At>, and the fraction
in electrons shows a slight decrease. The energy fraction in alphas peaks near 5 %
for intermediate <Atot>, which is where the fusion yield is largest.

The profiles of A in DT-NBI, and especially in T-only NBI discharges peak
near the plasma center. The profiles of the increase in total energy density, AwiotPT
= WiotPT - WiotD and Awiot | = Wyot! - Wo D have shapes that are similar to the profiles
of AAitPT = Ato1PT - AiotD and AAjot! = Aot T - AotP. This suggests that the strong
isotopic scaling exists throughout the plasma profile.

4. Alpha Heating Effects

Although the volume-integrated electron energy is relatively insensitive to
<Atot>, as shown in Fig. 5, the central T¢ measured by ECE increases up to 2 keV in
DT plasmas. Except in plasmas with extreme lithium pellet conditioning, the central
electron density is relatively constant, and we(0) increases significantly. Significant
increases in T; profiles are also observed with DT-NBI. The increase in T could be
caused by 1) alpha heating, 2) ion-electron coupling, and 3) an intrinsic isotopic
effect. The computed peak alpha-electron heating is 0.15 MW/m3. The beam-
electron heating with T-NBI is calculated to decrease wg(0).

These various effects can be studied by comparing modeling results for D-,
DT-, and T-NBI discharges. The electron thermal conductivity, Xe deduced by
TRANSP from D-only and DT-NBI discharges can be cross substituted for predicting
Te. Also the NBI parameters can be cross substituted, and alpha heating can be
turned on or off. The results of this modeling indicate that the isotopic and the alpha
heating effects each cause about 1/2 of the observed AwgPT. The profiles of AwgDT
and AwgT are peaked at the plasma center, similar to the computed profiles of the
Za\[gha{)—glectron heating, and more peaked than the broad profiles of AAjtPT and

tot™ '

5. Summary

The approximate agreement of the TRANSP modeling with various measured
parameters indicates that the profiles of the computed beam ion and D and T
densities are realistic. The beam fraction of the total energy at 0.5 sec of NBI
remains relatively constant, = 40 - 50 % as the isotopic mass varies. The total energy
and the total energy confinement time increase approximately linearly with the mass
by up to 30 %. The isotopic and alpha heating effects contribute in roughly equal
amounts to the increase in central Te.
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Fig 1a - Neutron Emission Components
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Fig 2 - Density profiles
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Fig 4 - Enhanced Energy Confinement
Time = 0.5 sec of NBI
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Fig 1b - Chordal DT neutron emission profiles
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Fig 3 - Isotopic Mass Profiles
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Fig 5 - Stored Energy Fractions
Time = 0.5 sec of NBI
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